The paranasal sinuses of horses consist of 7 parts, the rostral maxillary sinus (RMS), caudal maxillary sinus (CMS), frontal sinus (FS), dorsal conchal sinus (DCS), middle conchal sinus (MCS), ventral conchal sinus (VCS) and sphenopalatine sinuses (SPS) \[[@r14], [@r24]\]. Given their complex architecture, location, relationships and neighborhoods, the paranasal sinuses are important structures in the head of the horse.

Computed tomography (CT) is a scanning method used to determine sectional details of many complex body parts, including the head \[[@r1], [@r7]\]. Although CT has widespread use in veterinary medicine, especially in small animals, it has limited use in equine clinics, because of the lack of availability of appropriate devices and the current devices being able to scan only the head and distal legs of horses \[[@r17], [@r19], [@r37]\]. CT is used in horses to investigate the gross sectional anatomy \[[@r1], [@r7]\] of the head as well as pathologic conditions arising in this area, such as sinusitis \[[@r36], [@r37]\], alveolitis \[[@r13]\], trauma \[[@r3], [@r22]\] and carcinomas \[[@r6], [@r42]\]. These studies have investigated horses of different breeds and ages other than Arabian foals, primarily via transverse CT images and have provided many details about the paranasal sinuses \[[@r7], [@r23], [@r29], [@r36], [@r37]\].

In recent years, 3-dimensional (3D) models, which have been prepared using CT images, have been used to determine anatomic details of the paranasal sinuses visually \[[@r5], [@r10], [@r35], [@r41]\] to obtain morphometric data, such as volume, length, width and height \[[@r15], [@r16], [@r20], [@r28], [@r39]\] and to plan surgical procedures that will be performed in this region \[[@r21], [@r26]\]. The purpose of the present study was to define the multiplane CT sections, anatomical sections and 3D anatomy of paranasal sinuses in Arabian foals. The objectives were, first, to establish the multiplane cross-sectional anatomy by comparing CT images with anatomical sections and, second, to establish 3D anatomical models to enable detailed descriptions of paranasal sinus morphology, morphometry and configuration to be developed.

MATERIALS AND METHODS {#s1}
=====================

*Animals*: Five fresh cadaver heads from already dead female Arabian foals (8--12 weeks old) without a history of head problems were obtained from another project which was supported by TUBITAK-KAMAG (The Scientific And Technological Research Council of Turkey-National Scientific Meetings Grant Programme). The heads were disarticulated from the atlantoaxial joint and prepared for CT examination. All procedures were conducted following a protocol approved by the Ethical committee of the Faculty of Veterinary Medicine, Selcuk University (SUVFEK 2011/099).

*CT scanning*: CT scans were obtained using a Spiral CT scanner (Aquilon 4, Toshiba, Tokyo, Japan). The scan settings were 120 kV, 175 mAs, 38 cm diameter and a matrix of 512 × 512. The heads were placed on the CT table such that the ventral margin of the mandible was in complete contact with the table and were scanned in the rostrocaudal direction at 1 mm intervals. Transverse CT images of the heads were recorded on CD-ROMs in Digital Imaging and Communication in Medicine (DICOM) format ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Transverse CT images (rostrocaudal direction, interval 12 mm) of paranasal sinuses, foal 4 (12 weeks). The white line of each inserted picture which is a common dorsal plane image shows the slice position for each transverse image: 1, Frontal sinus (FS); 1', rostral portion of FS; 2, Dorsal conchal sinus (DCS); 2', dorsal conchal bulla; 3, Rostral maxillary sinus (RMS); 4, Ventral conchal sinus (VCS); 4', ventral conchal bulla; 5, Caudal maxillary sinus (CMS); 6, Middle conchal sinus (MCS); 7, Palatine sinus (PS); 8, Sphenoid sinus (SS); 8', Sphenoidal aperture (SA, between SS and ventral ethmoidal meatus); x, Conchofrontal aperture (CFA); y, Conchomaxillary aperture (CMA); z, Frontomaxillary aperture (FMA), v, aperture between MCS and CMS; w, Sphenopalatinal aperture (SPA); a, nasolacrimal canal; b, infraorbital canal; c, dorsal nasal meatus; d, middle nasal meatus; e, ventral nasal meatus; f, facial crest; g, Nasomaxillary aperture (NMA); h, maxillary septum between 3 and 5; i, nasopharynx; j, auditory tube; k, sphenoidal septum; l, infraorbital foramen; m, joint of the zygomatic processes of temporal bone; n, supraorbital foramen.Fig. 2.Transverse anatomical sections (rostrocaudal direction, interval 25 mm) of paranasal sinuses, foal 4 (12 weeks). See legend to [Fig. 1](#fig_001){ref-type="fig"} for details.), whereas dorsal and sagittal plane images obtained by reformatting of these images were recorded on different CD-ROMs in CINE format ([Figs. 3](#fig_003){ref-type="fig"} and[4](#fig_004){ref-type="fig"}Fig. 3.Reformatted dorsal plane images (dorsoventral direction, interval 8 mm), foal 3 (11 weeks). The white line of each inserted picture which is a common sagittal plane image shows the slice position for each dorsal image. p, aperture between SS and PS. See legend to [Fig. 1](#fig_001){ref-type="fig"} for other details.Fig. 4.Reformatted sagittal plane images (left mediolateral direction, interval 8 mm), foal 4 (12 week). The white line of each inserted picture which is a common dorsal plane image shows the slice position for each sagittal image. See legend to [Fig. 1](#fig_001){ref-type="fig"} for details.).

*Anatomical sections*: The heads were kept in a freezer for 48 hr; 2.5 cm serial anatomical sections were obtained in the CT scan positions using an electrical band saw. Following photography of the specimens, they were placed in 10% formalin solution. Transverse CT images that contained paranasal sinuses were identified, and the details of these images were compared with the corresponding anatomical sections ([Fig. 2](#fig_002){ref-type="fig"}).

*Segmentation and 3D modeling*: The 3D reconstructions of the paranasal sinuses and skull were obtained using the MIMICS (Materialise's Interactive Medical Image Control System, ver: 12.01, Materialise, Leuven, Belgium) program. The serial CT images of the head in DICOM form were read into MIMICS software. The main procedures involved segmentation of serial CT images and 3D modeling of the regions of interest (ROI) \[[@r8]\]. The CT images were first segmented using segmentation tools (threshold, region growing and edit mask) to extract the paranasal sinuses and skull, and 3D models of the skull were created after isolation by setting the gray level threshold (350 to 1,000 HU). Imaging data for the paranasal sinuses were isolated by setting the gray level thresholds (−200 to −1,024 HU) to obtain an air rim \[[@r31]\]. The total sinus surface area was determined after modeling the right and left sinuses using the "3D calculate" routine of the program. Following this procedure, imaging data for the sinuses were manually separated from each other using the "3D edit mask" routine of the program, and a 3D model of each sinus was created with masks in different colors ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Visualization of 3D models of paranasal sinuses of foals from different perspectives foal 5 (12 weeks): A, rostral (left) and caudal (right) views; B, dorsal (left) and ventral (right) views; C, lateral (right) view; D, medial (right) view. p, aperture between SS and PS. See legend to [Fig. 1](#fig_001){ref-type="fig"} for other details.). The volumes of the sinuses, as well as the length and width of the apertures connecting these sinuses, were measured using these models, and the orientation of the apertures was identified.

*Paranasal sinus boundaries*: In this part of the research, the planes bounding the paranasal sinuses were determined on a 3D model of the skull, which was made semitransparent. The relationships of these planes with the skull, as well as the location of the sinuses in the volume created by the intersection of these planes, were investigated. For this purpose, images taken from the models in JPG format from lateral, medial and dorsal perspectives were examined using Gimp (GNU Image Manipulation Program). Two main planes were drawn: a horizontal plane passing through the ventral margin of the mandible on the lateral and medial images of the 3D models and a medial sagittal plane on the dorsal image ([Fig. 6A and 6B](#fig_006){ref-type="fig"}Fig. 6.3D models of the skull (semitransparent) and paranasal sinuses (different colors and opaque) and the planes bordering the sinuses, foal 5 (12 weeks): A, left lateral view; B, dorsal view; C, right lateral view; D, left median view; R, rostral transverse plane; C, caudal transverse plane; D, dorsal plane; V, ventral plane; Md, mandibular plane; RL, right lateral plane; LL, left lateral plane; Ms, median sagittal plane. See legend to [Fig. 1](#fig_001){ref-type="fig"} for other details.). The sinuses were bounded from the rostral and caudal aspects by a line perpendicular to the horizontal plane; from the ventral and dorsal aspects by a parallel line; and from the right and left lateral aspects by two planes parallel to the medial sagittal plane. However, the dorsal plane was drawn so as to be tangential to the dorsal boundary of the skull. Moreover, 2 planes were drawn between the rostral-caudal and dorsal-ventral planes and parallel to these planes on the medial and lateral images, and the location of the sinuses was investigated in the grid area thus created ([Fig. 6C and 6D](#fig_006){ref-type="fig"}).

In the present study, the nomenclature used for the anatomical details of the paranasal region and the boundaries between the sinuses was based on equine anatomy texts \[[@r4], [@r14], [@r24], [@r32]\], anatomical papers \[[@r23], [@r29], [@r36], [@r37]\] and the *Nomina Anatomica Veterinaria*(NAV) \[[@r12]\].

*Statistical analysis*: Morphometric data on the volume and surface area of the right and left sinuses were evaluated by the Two sample *t-test*, whereas the relation between the right and left sinuses was evaluated by Pearson's correlation test in SPSS (Statistical Package for the Social Sciences, Chicago, IL, U.S.A. 19.0 ed, 2010). *P*\<0.05 were considered to represent statistical significance.

RESULTS {#s2}
=======

*2D image data*: Anatomical details of the paranasal sinuses of the foals were demonstrated on transverse CT images ([Fig. 1](#fig_001){ref-type="fig"}), anatomical sections ([Fig. 2](#fig_002){ref-type="fig"}) and the images of the dorsal plane ([Fig. 3](#fig_003){ref-type="fig"}) and median sagittal plane ([Fig. 4](#fig_004){ref-type="fig"}). Evaluations performed using CT images and anatomical gross sections revealed that the right and left anatomical configurations of the region, except for the right and left sphenoid sinuses (SS) and the osseous septum separating these sinuses ([Figs. 1](#fig_001){ref-type="fig"}--[3](#fig_003){ref-type="fig"}), have completely symmetric organization.

It was observed in the foals that the DCS, which was located on the rostromedial aspect of the FS, was connected with the FS via a large aperture (conchofrontal aperture=CFA), to form the conchofrontal sinus ([Figs. 1](#fig_001){ref-type="fig"}--[3](#fig_003){ref-type="fig"} and[5](#fig_005){ref-type="fig"} x). The CMS was connected with the FS via the frontomaxillary aperture (FMA) on the dorsal aspect ([Figs. 1](#fig_001){ref-type="fig"}--[5](#fig_005){ref-type="fig"} z), with the palatine sinus (PS) via the sphenopalatinal aperture (SPA) on the caudoventral aspect ([Figs. 1](#fig_001){ref-type="fig"}--[3](#fig_003){ref-type="fig"} and[5](#fig_005){ref-type="fig"} w) and with the MCS via a narrow aperture on the medial aspect ([Figs. 1](#fig_001){ref-type="fig"} and[5](#fig_005){ref-type="fig"} v). The RMS, which was located on the dorsal aspect of 4th deciduous premolar teeth (DP4) (108 or 208 Triadan system), was connected with the VCS, which was connected to the medial aspect of DP4 via the conchomaxillary aperture (CMA) ([Figs. 1](#fig_001){ref-type="fig"}--[5](#fig_005){ref-type="fig"} y). The RMS and CMS were connected with the middle nasal meatus via the nasomaxillary aperture (NMA) on the dorsal aspect of DP~4~ ([Figs. 1](#fig_001){ref-type="fig"} and[2](#fig_002){ref-type="fig"} g). In three of the foals, the SS communicated rostrally with the ventral ethmoidal meatus ([Figs. 1](#fig_001){ref-type="fig"} and[2](#fig_002){ref-type="fig"} 8'), whereas the SPS composed of SS and PS communicated via a large aperture in two foals ([Figs. 3](#fig_003){ref-type="fig"} and[5](#fig_005){ref-type="fig"} p).

*3D modeling data for the paranasal sinuses*: Details of the sinuses in the 3D models were demonstrated on the images taken from different perspectives ([Figs. 5](#fig_005){ref-type="fig"} and[6](#fig_006){ref-type="fig"}). Morphometric measurements performed on the models were used primarily to determine the surface areas of the right and left paranasal sinuses, which were found to be 209.2 ± 18.1 cm^2^ and 219.5 ± 15.8 cm^2^, respectively. This morphometric measurement showed a strong correlation between the right and left paranasal sinuses of each foal (r=0.97, *P*\<0.05). The results of the volumetric evaluation of the right and left paranasal sinuses are demonstrated in [Table 1](#tbl_001){ref-type="table"}Table 1.Estimated volumes of the paranasal sinuses using 3D models and correlations between left and right sinusesMean ± SEM (cm^3^), (CV), Ratio (%)CorrelationSinusesLeftRightRPFS41.2 ± 3.4 (0.18)55.741.7 ± 4.5 (0.24)580.9770.004\*\*DCS7.1 ± 0.8 (0.26)9.67.4 ± 0.9 (0.28)10.40.9440.016\*\*CMS11.8 ± 1.9 (0.36)1611.0 ± 1.6 (0.33)15.30.9730.005\*\*RMS3.5 ± 0.4 (0.25)4.73.2 ± 0.4 (0.27)4.50.9260.024\*\*VCS4.2 ± 0.4 (0.21)5.63.0 ± 0.4\* (0.36)4.20.6190.266MCS0.2 ± 0.1 (1.37)0.30.2 ± 0.1 (1.48)0.30.9930.001\*\*PS3.7 ± 0.6 (0.35)53.7 ± 0.9 (0.53)5.10.8590.063SS2.3 ± 0.6 (0.55)3.11.7 ± 0.5 (0.67)2.30.710.179Total volume74.0 ± 7.3 (0.22)10071.8 ± 8.6 (0.27)1000.9820.003\*Different from the same line (*P*\<0.05). \*\*Positive correlation was determined between left and right sinuses volumes (*P*\<0.05).. While there was no correlation between the right and left VCS, PS and SS volumes (*P*\>0.05), a positive correlation close to 1.0 was observed for other pairs of sinuses ([Table 1](#tbl_001){ref-type="table"}, *P*\<0.05). The FS was the largest sinus, whereas the MCS was the smallest sinus in the foals, and the VCS had a larger volume on the left side (in all animals) ([Table 1](#tbl_001){ref-type="table"}).

The length, width, orientation and shape of the apertures that connect the sinuses in foals were determined by linear measurements on the 3D models and by gross evaluation ([Table 2](#tbl_002){ref-type="table"}Table 2.The length, width, orientation and shape of openings between paranasal sinuses in foals (Mean ± SEM)OpeningLength (mm)Width (mm)OrientationShapeCFA (n=5)^a^37.83 ± 1.515.8 ± 0.4Sagittal obliqueTriangleFMA (n=5)^b^22.6 ± 1.213.9 ± 1.2DorsalEllipticCMA (n=5)^a^22.5 ± 1.010.0 ± 0.5Sagittal obliqueQuadrilateralSPA (n=5)^c^18.8 ± 1.04.1 ± 0.5Sagittal obliqueCommaNAM (n=5)NANANASlitAperture between SS and PS (n=2)^c^10.8 ± 0.49.0 ± 0.6Transverse obliqueSemicirculara) Length: rostrocaudal, Width (=height): dorsoventral oblique, b) Length: rostrocaudal, Width: mediolateral, c) Length (=height): dorsoventral oblique, Width: mediolateral. NA: Not Available).

*Paranasal sinus boundaries*: On the 3D models, it was observed that the rostral border of the sinuses was formed by the rostral aspect of the FS, and the transverse plane crossing this point (the rostral plane) passes through the middle point of the labial surface of 3rd deciduous premolar teeth (DP~3~) (107 or 207) ([Fig. 6A and 6B](#fig_006){ref-type="fig"}). The caudal border of all the sinuses was formed by the caudal aspect of the SS, and the transverse plane crossing this point (the caudal plane) passed through the angle formed by the joint of the zygomatic processes of temporal bone ([Fig. 6](#fig_006){ref-type="fig"}). The ventral border of all the sinuses was formed by the ventral margin of the PS and VCS, and the ventral plane crossing this point passed through the ventral margin of the infraorbital foramen ([Fig. 6](#fig_006){ref-type="fig"}). The borders of the right and left lateral sinuses were formed by the lateral aspects of the CMS, and the lateral planes crossing this point passed through the medial margin of the supraorbital foramen ([Fig. 6B](#fig_006){ref-type="fig"}). It was observed that the sinuses generally display a precise location in the region created by drawing two planes at equal distances and parallel to the rostral--caudal and dorsal--ventral planes on the lateral and medial images ([Fig. 6C and 6D](#fig_006){ref-type="fig"}).

DISCUSSION {#s3}
==========

CT imaging may be effectively used in horses either to determine sectional anatomical details or to detect pathological conditions of the skull. In the studies in which evaluations have been performed primarily using transverse CT images \[[@r1], [@r23], [@r29], [@r36], [@r37]\], the heads have been placed on the CT table in different positions, and there are angular differences between the images of different animals. This unfavorable condition may affect the evaluation, comprehension and comparison of anatomical details on the transverse CT images presented in these studies. In the present study, all heads were placed such that the ventral margin of the mandible had complete contact with the CT table; thus, angular differences between transverse CT images were minimized. Serial transverse CT images obtained in this position were compared with anatomical sections, and details of the paranasal sinuses were determined ([Figs. 1](#fig_001){ref-type="fig"} and[2](#fig_002){ref-type="fig"}). Moreover, these details were demonstrated on images from the dorsal ([Fig. 3](#fig_003){ref-type="fig"}) and sagittal ([Fig. 4](#fig_004){ref-type="fig"}) planes.

The paranasal sinuses have been successfully modeled in studies conducted on humans \[[@r15], [@r28], [@r34], [@r38]\], hominoids \[[@r30]\], bovine species \[[@r10]\], rabbits \[[@r5]\], predatory and armored dinosaurs \[[@r41]\], some monkeys \[[@r25]\], rodents \[[@r27]\] and felids \[[@r35]\] by using 3D modeling programs. The present study, which modeled the left and right paranasal sinuses and their subdivisions in Arabian foals, is the first modeling study conducted on this species ([Figs. 5](#fig_005){ref-type="fig"} and[6](#fig_006){ref-type="fig"}). Paranasal sinus volumes have been measured using cadavers by directly injecting a variety of materials \[[@r33], [@r40]\] using CT images \[[@r2], [@r9], [@r11], [@r31], [@r39]\] and using 3D digital models \[[@r10], [@r15], [@r16], [@r20], [@r25], [@r27], [@r28], [@r30], [@r34], [@r38], [@r39]\]. The present study measured the volumes of the paranasal sinuses on 3D models ([Table 1](#tbl_001){ref-type="table"}). Nickel *et al.* \[[@r24]\], Hillmann \[[@r14]\] and Barone \[[@r4]\] reported that the sinuses continue to enlarge up to 5-year-old in horses, when the head becomes mature, and that the maxillary sinus is the largest in adult horses (this information has not been based on any morphometric data). It was detected in the Arabian foals that the FS was the largest at a rate of 56.7%, the maxillary sinus was the second largest at a rate of 20.3% and the MCS was the smallest at a rate of 0.3% ([Table 1](#tbl_001){ref-type="table"}). Considering current literature and the results of the present study, it can be said that the most significant volumetric change up to the 5th year of a horse occurs in the maxillary sinus. However, morphometric studies that compare young and mature animals are needed to investigate this phenomenon.

In the studies performed on the paranasal sinuses of horses using CT, an asymmetric appearance in anatomical configuration usually indicates a pathological condition \[[@r13], [@r18], [@r36], [@r42]\]. We failed to find a morphometric study performed on this subject in animals. The present study found a correlation close to 1.0 between the right and left sinus volumes, except for the VCS, PS and SS (*P*\>0.05, Table. 1). The left VCS in the foals was observed to be larger than the right ([Table 1](#tbl_001){ref-type="table"}). It has been reported that the osseous septum that separates the sphenoidal parts of SPS from each other in horses is usually not placed in the midline \[[@r14], [@r24]\]. Nickel *et al.* \[[@r24]\] reported that sphenoidal part does not exist in some animals and, if it exists, it rarely opens into the ventral ethmoidal meatus. However, Hillmann \[[@r14]\] reported that this sinus opens directly into the ventral ethmoidal meatus in one-third of horses. The present study demonstrated that the osseous septum separating the right and left SS was placed in the median plane in three animals, and the SS of these animals opened directly into the ventral conchal meatus. PS seperating from SS with an osseous septum opened directly caudal maxillary sinus in these animals. However, the osseous septum was not placed in the median plane in two animals, and the SS and SP formed the SPS in these animals.

Information about the apertures that connect the paranasal sinuses has been described in detail in anatomical papers \[[@r23], [@r29], [@r37]\] and textbooks \[[@r4], [@r14], [@r24], [@r32]\], but these references have some differences in terms of the number of apertures and nomenclature. In response to the absence of a name in the NAV \[[@r12]\], Morrow *et al.* \[[@r23]\] named the aperture between the FS and DCS the CFA. The present study considered this aperture to be the border between the FS and DCS. Moreover, the aperture of the SS, which was bilateral in three animals, which opens into the ventral ethmoidal meatus, was named the sphenoidal aperture (SA) ([Figs. 1](#fig_001){ref-type="fig"} and[2](#fig_002){ref-type="fig"}). The length, width and orientation of the CMS, NMA, FMA and SPA were first defined in a study performed using transverse CT images \[[@r29]\]. The present study is the first in which 3D models were used in the determination of the length, width, orientation and shape of the sinuses ([Table 2](#tbl_002){ref-type="table"}). Although the results of the present study show similarities with results of Probst *et al.* \[[@r29]\] in terms of orientation, they differ in terms of length and width. We attribute this result to the different ages of the animals used in the two studies. Morphometric evaluations of orientation, length and width, etc., performed using 3D models should give more accurate results than 2D images.

Although previous reports \[[@r4], [@r14], [@r24]\] have described the topography of the paranasal sinuses of the horse in detail, information about the planes that bound these sinuses is quite limited. The present study revealed that the planes which bound the sinuses pass through palpable points in the head of the foal ([Fig. 6A and 6B](#fig_006){ref-type="fig"}). Moreover, the location of the sinuses was demonstrated in the grid area that was formed by the planes drawn parallel to the above-mentioned planes ([Fig. 6C and 6D](#fig_006){ref-type="fig"}). This information should be useful to clinicians during the examination of living animals, particularly during lateral radiographic evaluation.

In conclusion, although images obtained from CT are used in treatment planning, diagnosis and education, there are some limitations relating to the detailed morphometry and spatial relationships between paranasal sinuses and other structures. 3D modeling, in combination with conventional sectional imaging, of the paranasal sinuses of foals will improve the level of knowledge about this region and may help both students and clinicians.

Preliminary results of this study presented in abstract form at 7th National Veterinary Anatomy Congress, Antalya, Turkey, October 2011 and the 1st International Biology Congress, Bishkek, Kyrgyzstan, September 2012.
